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BACKGROUND: Previous studies have investigated the associations between perfluoroalkyl acids (PFAAs) in women and time to pregnancy (TTP).
Inconsistent results may be explained by differences in conditioning on parity.

OBJECTIVES: We used causal directed acyclic graphs to illustrate potential confounding related to previous pregnancies and exposure measurement
error due to differences in the interpregnancy interval in pregnancy-based studies that include parous women. We exemplified the potential importance
of these issues using data from the Danish National Birth Cohort.

METHODS:We used discrete time survival models to estimate associations between maternal plasma PFAAs in early pregnancy and TTP in 638 nulli-
parous and 613 parous women.

RESULTS: PFAA quartiles were not associated with the TTP in nulliparous women. In parous women, higher PFAA quartiles were associated with
longer TTP. The strongest associations were estimated for perfluorohexane sulfonate and perfluorooctane sulfonate. PFAA concentrations were higher
in women with longer interpregnancy intervals. Accounting for the interpregnancy interval attenuated the estimated associations.
CONCLUSIONS: Associations between PFAAs and TTP in parous women may be biased by confounders related to previous pregnancies and ex-
posure measurement error. To avoid these biases, studies that include parous women may need to condition on a) common causes of PFAAs
and the TTP in the index pregnancy, b) previous births (a descendant of a collider), c) PFAA levels or common causes of PFAA levels and the
TTP in the previous pregnancy (to alleviate collider stratification bias caused by conditioning on previous births), and d) the interpregnancy
interval (in pregnancy-based studies). Alternatives would be to restrict studies to nulliparous women or to use toxicokinetic modeling to correct
exposure estimates in parous women. These recommendations may be extended to studies of other chemicals with similar toxicokinetic proper-
ties. https://doi.org/10.1289/EHP1493

Introduction
Since 2009, a number of studies have investigated associations
between perfluoroalkyl acids (PFAAs) in women and fecundabil-
ity, indicated by the time to pregnancy (TTP), with inconsistent
results (Bach et al. 2015b, 2015a, 2016b; Buck Louis et al. 2013;
Fei et al. 2009; Jørgensen et al. 2014; Vélez et al. 2015;
Vestergaard et al. 2012; Whitworth et al. 2012, 2016). Only one
epidemiological study showed an association between higher
PFAAs and longer TTP in nulliparous women (Fei et al. 2009),
whereas three other studies found no association (Bach et al.
2015a; Vestergaard et al. 2012; Whitworth et al. 2016). A few
other studies demonstrated associations in parous women or
pooled samples of both parous and nulliparous women (Bach
et al. 2016b). Thus, differences in whether and how the studies
conditioned on parity could possibly, at least partly, explain the
inconsistent results (Bach et al. 2016a). Some rodent studies sug-
gest that PFAA exposure may cause impaired fertility, potentially
through endocrine disruption. However, most animal studies

applied exposure levels of PFAAs several orders of magnitude
higher than for background-exposed humans (Bach et al. 2016b).

In this paper, we use causal directed acyclic graphs (DAGs)
to illustrate confounding by factors related to previous pregnan-
cies as well as potential dependent measurement error of the ex-
posure in pregnancy-based studies of parous women. Further, we
evaluate data from the Danish National Birth Cohort to exemplify
these issues.

In a recent paper, Vélez et al. (2015) argued that the association
between PFAA exposure and the TTP may be described as illus-
trated by Howards et al. (2012) using a DAG. Figure 1, which is
adapted fromHowards et al. (2012), assumes that both fecundability
and PFAA levelswill be similar in two consecutive pregnancies, but
this is not plausible for the following reasons. First, fecundity (the
biological capability to conceive) and fecundability (the probability
of conception in each cycle) depend on various factors such as age
(Axmon et al. 2006; Joffe and Li 1994; Mutsaerts et al. 2012; Olsen
1990), body mass index (BMI) (Gesink Law et al. 2007; Ramlau-
Hansen et al. 2007; Wise et al. 2010), and smoking (Bolumar et al.
1996; Joffe and Li 1994; Olsen 1991). Consequently, fecundity and
fecundability are not expected to be constant over time at the indi-
vidual level. Second, PFAA concentrations also change over time.
Many PFAAs have half-lives of a year or more (Olsen et al. 2007),
and a study of 100 women reported that concentrations measured
during the same trimester were correlated between consecutive
pregnancies (Papadopoulou et al. 2015). However, a study of 19
women reported that PFAA concentrations generally decrease dur-
ing pregnancy (Glynn et al. 2012), and, on average, PFAA concen-
trations are lower in parous compared to nulliparous women (Berg
et al. 2014; Brantsæter et al. 2013; Papadopoulou et al. 2015), most
likely due to the transfer of PFAAs to the fetus and their excretion in
breast milk (Cariou et al. 2015; Kang et al. 2016; Mondal et al.
2014;MotasGuzmàn et al. 2016).
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Vélez et al. (2015) argued that conditioning on parity should
be avoided in studies of PFAAs and TTP, and stated “In a sense,
[previous TTP] is a proxy for parity and fecundability.” In our
opinion, however, the time-varying nature of PFAA exposures
needs to be considered, and fecundability (or rather, its proxy
measure, the TTP) and parity (previous births) should be treated
as separate variables in causal models (Bach et al. 2015a).
Consequently, we propose an alternative causal structure, shown
in Figure 2. In all subsequent figures, the association of interest is
the association between PFAAs at the time of starting to try to
conceive and the TTP, independent of parity. For nulliparous
women, this is illustrated by the association between PFAA 1 and
impaired fecundity 1, and for parous women, by the association
between PFAA 2 and impaired fecundity 2. Figure 2 is built on
several assumptions. First, although PFAA concentrations in con-
secutive pregnancies are temporally distinct, PFAA concentra-
tions in the first pregnancy affect PFAA concentrations in the
second pregnancy. Second, impaired fecundity (as measured by
the TTP, which is not easily expressed in a DAG) affects the
chance of conception, gestation, and birth. Genetics or other
unmeasured factors such as tubal factors or male factors (U) are
likely to affect fecundity for both pregnancies as well as the
chance of a successful gestation. Third, previous gestation and
confounders related to the first pregnancy may affect the con-
founders for the second pregnancy. Important confounders, i.e.,
common causes of PFAA concentrations and the TTP, may
include, for example, age (Axmon et al. 2006; Berg et al. 2014;
Joffe and Li 1994; Mutsaerts et al. 2012), BMI (Gesink Law et al.
2007; Ramlau-Hansen et al. 2007; Wise et al. 2010), and socioe-
conomic status (Brantsæter et al. 2013; Mutsaerts et al. 2012).
Finally, we assumed no causal association between PFAAs and

the TTP, and thus, no arrow leads from PFAAs to the TTP in this
scenario. To obtain unbiased estimates in parous women under
the scenario shown in Figure 2 (in which U remains unmeas-
ured), it is necessary to condition on previous births (a descend-
ant of a collider) and to adjust for PFAAs in the preceding
pregnancy (PFAA 1), or adjust for confounders of the association
between PFAAs and fecundability in the previous pregnancy
(C1), in addition to adjusting for confounders of the association
between PFAAs and fecundability in the current pregnancy (C2).
Note that conditioning on a descendant of a collider, i.e., previous
births, is necessary in order to close other open backdoor paths,
and the backdoor paths opened by conditioning on this descend-
ant of a collider may be closed by conditioning on PFAA levels
or confounders from the preceding pregnancy.

If a causal arrow is assumed from the PFAA levels in the pre-
ceding pregnancy (PFAA 1) to impaired fecundity in the preceding
pregnancy (Impaired fecundity 1), it is necessary to adjust for
PFAA levels from the preceding pregnancy (PFAA 1) in addition to
previous births and confounders measured in relation to the current
pregnancy (C2) in order to close all back doors. Of note, under this
assumption, conditioning on confounders from the preceding preg-
nancy (C1) in addition to previous births and confounders measured
in relation to the current pregnancy (C2) will not be sufficient.

Previous studies have suggested that a rationale for the
restriction to nulliparous women is to avoid potential reverse cau-
sation among parous women in pregnancy-based studies in which
exposures were obtained after conception (Olsen et al. 2009;
Vestergaard et al. 2012; Whitworth et al. 2012). As shown in
Figure 3, this issue may reflect differential exposure measurement
error, given that the TTP would affect PFAA concentrations
measured during pregnancy rather than PFAA concentrations

Figure 1. The association between perfluoroalkyl acids (PFAAs) and time to pregnancy (TTP) as proposed by Vélez et al. (2015) and adapted from Howards
et al. (2012), Figure 1B.

Figure 2. Proposed causal structure of the perfluoroalkyl acids (PFAAs)–time to pregnancy (TTP) association, including time-varying confounding. PFAA 1,
TTP 1, and confounders 1 relate to nulliparous women, while PFAA 2, TTP 2, and confounders 2 relate to parous women. Important confounders of the associ-
ation between PFAAs and the TTP may include, e.g., age, body mass index (BMI), and socioeconomic status. Note: U, unmeasured factors.
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during the causal time window (prior to conception). However,
after a decline following the previous pregnancy, childbirth, and
breastfeeding, PFAA concentrations in parous women may
increase, and the longer the time to a subsequent pregnancy, the
higher the concentrations measured during the next pregnancy
may become (Papadopoulou et al. 2015; Whitworth et al. 2012).
An increase in PFAA concentrations measured during the next
pregnancy may thus be proportional to the interpregnancy inter-
val, including but not limited to the TTP. Thus, this issue may be
described as dependent measurement error (VanderWeele and
Hernán 2012) (Figure 4), since the levels of PFAAs and the TTP
are connected through a common cause rather than through a
direct arrow from the TTP to the measured PFAA levels. Such
common causes may include any unmeasured factors that deter-
mine fecundability in both pregnancies, e.g., genetic factors or
time-stable environmental factors. Of note, a study of associa-
tions between perfluorooctane sulfonate (PFOS) and perfluorooc-
tanoic acid (PFOA) and the TTP in a pooled sample of parous
and nulliparous women who were planning to become pregnant,
which measured PFAA concentrations during the causal time
window (prior to conception), reported no association (Buck
Louis et al. 2013). In contrast, some pregnancy-based studies
reported associations between PFAAs measured during preg-
nancy and the TTP in parous women or in pooled samples of
parous and nulliparous women (Bach et al. 2015b; Vélez et al.

2015; Whitworth et al. 2012). For a complete overview of the
existing literature, please refer to our systematic review on this
topic (Bach et al. 2016b).

Conditioning on previous childbirths and the interpregnancy
interval would theoretically remove the risk of information bias
caused by these two factors in pregnancy-based studies, but
according to Figure 2, additional adjustment is necessary in order
to achieve estimates unbiased by confounding. Figure 5 illustrates
the issue of potential dependent measurement error (Figure 4)
within the context of Figure 2.

If previous PFAA concentrations or confounders of PFAA–
TTP associations in previous pregnancies are not included in the
statistical model for parous women (in addition to common causes
of current PFAA concentrations and the TTP and data on previous
births), we hypothesized that PFAAs might be associated with the
TTP even if a causal association does not exist, regardless of
whether PFAAs were measured before conception or during preg-
nancy. Further, in pregnancy-based cohorts, we hypothesized that
not accounting for the interpregnancy interval in parous women
would also result in an association between PFAAs and longer
TTP, even if a causal association does not exist. However, if the
study population is restricted to nulliparous women, only the con-
founders of the index pregnancy would need to be considered in
order to achieve unbiased estimates. Thus, we expected that if no
causal association exists between preconception PFAAs (during
the causal time window) and fecundability (as indicated by the
TTP), statistical associations between PFAAs and the TTP would
be present in parous women (i.e., PFAA 2 would be associated
with impaired fecundity 2), but not in nulliparous women (i.e.,
PFAA 1 would not be associated with impaired fecundity 1). We
evaluated this hypothesis in a sample of women from the Danish
National Birth Cohort with measurements of PFAA concentrations
during early pregnancy, estimating the association between PFAA
levels and the TTP separately for parous and nulliparous women.
To account for potential exposure measurement error in parous
women, we also aimed to estimate this association accounting for
the interpregnancy interval in addition to potential confounders.

Methods

Study Population
We studied a sample of 1,251 women who participated in the
Lifestyle During Pregnancy Study nested in the Danish National

Figure 3. Reverse causation as described by Olsen et al. (2009), Vestergaard
et al. (2012), and Whitworth et al. (2012): differential measurement error of
perfluoroalkyl acids (PFAAs) measured during pregnancy in parous women
(indicated by PFAA*) as a proxy for PFAA concentrations during the etio-
logically relevant time window [during the time period of attempted concep-
tion (indicated by PFAA)]. TTP* designates the recorded TTP.

Figure 4. Dependent measurement error of perfluoroalkyl acids (PFAAs) measured during pregnancy in parous women. PFAA* designates PFAA concentra-
tions measured during pregnancy, a proxy for PFAA concentrations during the etiologically relevant time window [during the time period of attempted concep-
tion (indicated by PFAA)]. TTP* designates the recorded time to pregnancy (TTP). Unmeasured common causes (U) of the TTP for the current pregnancy, the
interpregnancy interval, and previous pregnancies and births may include e.g. genetic or time-stable environmental factors.
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Birth Cohort (1996–2002), had plasma PFAA concentrations
measured in early pregnancy (median: 8 wk; interquartile range:
7–10 wk), had a planned pregnancy, and had information on the
TTP. Because the primary objective of the Lifestyle During
Pregnancy Study (Kesmodel et al. 2010) was to examine the
association between lifestyle during pregnancy and offspring neu-
rodevelopment, participants were sampled from the Danish
National Birth Cohort according to maternal alcohol consumption
patterns. The sample of women included in the present analysis
has not previously been investigated regarding the association
between PFAAs and the TTP. The study was approved by the
Danish Data Protection Agency (reference 2012-41-1288) and
the Danish National Committee on Health Research Ethics (refer-
ence M-20110054). All participants gave informed consent at the
time they entered the Danish National Birth Cohort.

Exposure Assessment
PFAAs were measured in plasma by high-performance liquid
chromatography–tandem mass spectrometry after solid phase
extraction. All samples were analyzed at the Department of
Environmental Science, Aarhus University, Roskilde, Denmark.
Contrary to the previous studies in the Danish National Birth
Cohort on the association between PFAAs and the TTP (Bach et al.
2015b; Fei et al. 2009), we included all PFAAs quantifiable in at
least 75% of the samples, including PFOS, PFOA, perfluorohexane
sulfonate (PFHxS), perfluoroheptane sulfonate (PFHpS), perfluor-
ononanoic acid (PFNA), and perfluorodecanoic acid (PFDA).
PFAA concentrations were available for only one pregnancy per
woman in the present study sample. The transportation, process-
ing, and storage of the samples did not differ according to parity.
The limits of quantification (LOQ), the numbers and proportions of
samples below the LOQ for each PFAA, and the precision of the
method are presented in Table S1.

Statistical Analyses
In this scenario, we relied on the strong assumptions of no selection
bias (which might have resulted from restricting the cohort to
women with planned pregnancies who had a live birth, and from
excluding infertile couples who did not conceive), no outcome
measurement error, and no unmeasured confounding (other than
unmeasured confounding indicated byU in Figures 2, 4, and 5).

To evaluate the influence of parity on the association between
PFAAs and the TTP, we applied separate discrete time survival
models to estimate fecundability ratios (FRs) according to plasma
PFAA quartiles for parous and nulliparous women, respectively.
Analyses of the TTP were censored after 12 mo. PFAA concen-
trations below the LOQ were replaced with the LOQ divided by
two (Helsel 1990; Hornung and Reed 1990). PFAA quartiles
were defined separately for nulliparous and parous women, since
all analyses were stratified by parity. The analyses were con-
ducted as described in further detail in Bach et al. (2015b) and
adjusted for age (continuous), socioeconomic status (three groups
according to maternal education and job status; if this information
was missing, the corresponding paternal information was used),
and prepregnancy BMI (continuous) (Model A). In all analyses,
we applied inverse probability weighting of the sampling frac-
tions, using robust standard errors, to take into account the sam-
pling of the participants from the baseline cohort.

To examine whether the variance in the PFAA concentrations
might be explained by differences in the interpregnancy interval,
we estimated unadjusted Spearman’s correlations between PFAA
concentrations and the interpregnancy interval. Further, to illus-
trate the importance of accounting for the interpregnancy inter-
val, we estimated associations between interpregnancy intervals
and PFAA concentrations in the index pregnancy using re-
stricted cubic splines (5 knots). To account for potential expo-
sure measurement error in parous women, we repeated the

Figure 5. Proposed causal structure of the perfluoroalkyl acid (PFAA)–time to pregnancy (TTP) association, combining Figures 2 and 3 to simultaneously
illustrate confounding and dependent measurement error of PFAA levels. PFAA 1, TTP 1, and confounders 1 relate to nulliparous women, while PFAA 2,
TTP 2, and confounders 2 relate to parous women. PFAA* designates the PFAA level measured during pregnancy. Important confounders of the association
between PFAAs and the TTP may include, e.g., age, BMI, and socioeconomic status. Note: U, unmeasured factors. Figure made by use of www.daggity.net.
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primary analyses using two different approaches to account for
the interpregnancy interval. First (Model B), we additionally
adjusted for the interpregnancy interval, i.e., the time from the
birth of a child to the next conception (restricted cubic spline).
A statistical concern regarding this analysis was the potentially
high covariance between the TTP and the interpregnancy inter-
val. To examine possible associations between the TTP and the
interpregnancy interval, we estimated unadjusted Spearman’s
correlations between the TTP and the interpregnancy interval in
the parous women. Second (Model C), we applied a modified
version of a previously proposed approach to correct for sam-
pling conditions affecting biomarker concentrations (Mortamais
et al. 2012), first modeling the unadjusted association between
the interpregnancy interval and each PFAA, taking into account
the nonmonotonic relationship using a restricted cubic spline
(linear regression). From this model, we predicted a PFAA
level for each woman. Using the predicted PFAA concentra-
tions, we calculated a correction factor corresponding to the
difference between the predicted value for each woman and the
predicted PFAA level at the median of the interpregnancy
interval (2.6 y). Finally, we generated corrected PFAA concen-
trations by subtracting the correction factor from the measured
PFAA concentrations and generated new PFAA quartiles using
these corrected PFAA concentrations. This exposure measure
was then used to estimate FRs adjusted for the same covariates
as Model A.

We conducted further analyses to illustrate some of the
basic assumptions in Figure 2. First, we carried out a sensitiv-
ity analysis for unmeasured confounding in parous women.
Assuming various prevalences of an unmeasured confounder
in women with exposure levels in the highest and lowest expo-
sure quartile of PFOS, we estimated the strength of the con-
founder–outcome association needed to bias a true null
association between PFOS and TTP to an estimated FR of 0.70
(Schneeweiss 2006).

Finally, we conducted additional sensitivity analyses using
identical quartile cutpoints for nulliparous and parous women,
and censoring at 6 mo instead of 12 mo.

The statistical analyses were performed in Stata (version 13;
StataCorp).

Results
PFOS and PFOA were quantified in all samples. PFNA and
PFDA had the largest proportions of samples below the LOQ,
with more samples below the LOQ for parous women (in parous
women, the highest proportion below the LOQ was 7.5% for
PFNA). Participant characteristics according to quartiles of
PFAAs are shown in Table 1. LOQ are shown in Table S1, and
quartile definitions for each PFAA are shown in Table 1. There
was no clear association between PFAA quartiles and age, BMI,
or socioeconomic status.

Associations between Quartiles of Perfluoroalkyl Acids and
the Time to Pregnancy according to Parity
In general, estimated FRs were close to the null for PFAA quar-
tiles and the TTP in nulliparous women (Model A) (Table 2). In
parous women, FRs were <1 for quartiles 2–4 relative to the
lowest quartile, indicating longer TTP (see Table 2). The
strongest associations were estimated for PFHxS and PFOS
[FR=0:60; 95% confidence interval (CI): 0.45, 0.80 and
FR=0:60; 95% CI: 0.44, 0.82 for the highest vs. lowest quar-
tiles, Model A]. Corresponding FRs for PFHpS and PFOA
were similar in magnitude, while FRs for PFNA and PFDA
were closer to the null.

Associations between Quartiles of Perfluoroalkyl Acids and
the Time to Pregnancy Correcting for the Interpregnancy
Interval
A kernel density plot of the interpregnancy interval is provided in
Figure S1, illustrating that for the included women who had a
second pregnancy, most of them became pregnant again within
5 y with a peak at approximately 2.5 y. Parous women classified
in the highest quartiles of plasma PFHxS, PFHpS, PFOS, and
PFOA had longer interpregnancy intervals than women in lower
quartiles, while interpregnancy intervals were longer for women
in the two highest vs. two lowest quartiles of PFNA and PFDA
(Table 1). Correlations (rs) between the interpregnancy interval
and PFAA concentrations were 0.13, 0.32, 0.19, 0.10, 0.13, and
0.10 for PFOS, PFOA, PFHxS, PFHpS, PFNA, and PFDA,
respectively. When associations between PFAA concentrations
and the interpregnancy interval were modeled using restricted
cubic splines, PFHXS, PFNA, and PFDA did not vary during the
first 1 to 2 y following a previous pregnancy and then increased
up until a second plateau at 3–4 y (Figure 6). For PFHpS, PFOS,
and PFOA, concentrations decreased during the first 1.5 to 2 y
and then increased. For PFOA, concentrations continued to
increase through the 6-y follow-up period, while PFHpS and
PFOS began to decrease slightly approximately ∼ 3–4 y after a
previous pregnancy.

In general, estimated FRs for parous women were closer to
null after further adjustment for the interpregnancy interval
(Model B) (Table 2). The percentage difference from Model A to
Model B for FRs comparing the highest vs. lowest quartile
ranged from 10% (95% CI: −2, 23%) for PFDA to 24% (95% CI:
6, 46%) for PFOA. The correlation between the TTP and the
interpregnancy interval was low (rs =0:18), and the interpreg-
nancy interval explained only 3% of the variation in the TTP
(squared rs =0:03), indicating that potential collinearity is not a
major concern in analyses conditioning on the interpregnancy
interval.

Estimates for parous women from models using PFAA quar-
tiles corrected to the median interpregnancy interval (Model C)
also moved closer to the null, similar to estimates from the mod-
els adjusted for the interpregnancy interval (Model B) (Table 2).
For PFHxS, PFHpS, PFOS, and PFOA, Model C estimates were
even closer to the null than estimates from Model B. Compared
with Model A, Model C FRs for the highest vs. lowest quartile
increased from 11% (95% CI: −2, 26%) for PFDA to 40% (95%
CI: 11, 76%) for PFOS. PFAA distributions changed after correc-
tion for the interpregnancy interval [specifically, after subtracting
the difference between the predicted value for each woman and
the predicted PFAA level at the median of the interpregnancy
interval (2.6 y) from the measured PFAA concentration for each
woman], resulting in new quartile cutpoints and reclassification
of PFAA quartiles for 14% (for PFDA) to 33% (for PFOA) of
parous women relative to the main analyses (Table S2).

Potential Impact of Unmeasured Confounding
Table 3 shows results of a sensitivity analysis to determine the
conditions required for an unmeasured dichotomous confounder
to bias a true null association between PFOS and TTP to an esti-
mated FR of 0.70 (approximately equal to the adjusted Model B
FR of 0.69 for the highest vs. lowest quartile of PFOS in Table 2.)
For example, if the prevalence of the confounder was 0.9 and 0.1
among women in the highest and lowest PFOS quartiles, respec-
tively, the risk ratio for the confounder–fecundability association
would have to be 0.65 to bias a true null association from 1.0 to
0.70, while an unmeasured dichotomous confounder with a weaker
association with exposure would require a stronger association
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with TTP, e.g., relative risk ðRRÞ=0:05 for a confounder with a
prevalence of 0.6 and 0.4 in the highest and lowest PFOS quartiles,
respectively.

Additional Sensitivity Analyses
In the sensitivity analysis using identical rather than parity-specific
PFAA quartiles (Model A), associations in parous women remained
inverse but were slightly attenuated for PFHxS, PFHpS, PFOS, and
PFOA (Table S3). In the nulliparous women, FRs remained close to
the null, with the exception of the PFHxS,where the inverse associa-
tion for the highest vs. lowest quartile increased from 0.92 (95%CI:
0.72, 1.18) to 0.80 (95%CI: 0.61, 1.04). The results of the sensitivity
analysis censoring at 6 mowere similar to those of the primary anal-
ysis for the nulliparouswomen and slightly attenuated for the parous
women (Table S4).

Discussion
In a previously unstudied sample of women from the Danish
National Birth Cohort, including a large number of nulliparous
women, we found no clear association between PFAAs and the
TTP (adjusting for age, socioeconomic status, and prepregnancy
BMI) in nulliparous women. In parous women, using the same
statistical model, higher PFAA quartiles were, however, consis-
tently associated with longer TTP, with the lowest FRs estimated
for women in the highest PFAA quartiles, except for PFOS.
According to our proposed causal structure, confounding induced

by factors related to previous pregnancies is a plausible explana-
tion for the difference in findings for parous and nulliparous
women. Consistent with this model, associations in parous
women were attenuated when we used PFAA quartiles corrected
to the median interpregnancy interval and when we adjusted for
the interpregnancy interval (which was not associated with the
TTP), which suggests that when PFAA concentrations are meas-
ured in samples collected during pregnancy rather than during the
time when women are trying to become pregnant, exposure mea-
surement error may also play a role. However, PFAAs still
tended to be associated with a longer TTP in parous women, de-
spite the use of statistical methods to account for the interpreg-
nancy interval. Given the null association in nulliparous women,
we hypothesize that the association in parous women was due to
residual confounding. However, the hypothesis of an effect of the
exposure on fecundability, with a bias towards attenuation that
would be more pronounced in nulliparous compared to parous
women, cannot be excluded.

We did not have information on confounders or PFAA con-
centrations for the previous pregnancy in parous women, and
were only able to examine the potential impact of uncontrolled
confounding in a simple sensitivity analysis that assumed that the
influence of all unmeasured or unknown potential confounders
could be represented by a single dichotomous confounder. Based
on this analysis, an unmeasured confounder with a prevalence of
0.7 among women with the highest PFOS quartile and 0.3 among
women in the lowest PFOS quartile would have to have an RR of

Table 2. Fecundability ratios according to quartiles of perfluoroalkyl acids in 638 nulliparous and 613 parous women from the Danish National Birth Cohort,
1996–2002.
— Nulliparous (n=638) Parous (n=613) Parous (n=604) — — —

PFAA quartile

Model A:
adjusted FR
(95% CI)

Model A:
adjusted FR
(95% CI)

Model B:
adjusted FR
(95% CI)

Percent change in FR
(95% CI) comparing

Model B to A

Model C:
adjusted FR
(95% CI)

Percent change in FR
(95% CI) comparing

Model C to A

PFHxS — — — — — —
1 1.00 (reference) 1.00 (reference) 1.00 (reference) — 1.00 (reference) —
2 1.03 (0.81–1.32) 0.74 (0.55–1.01) 0.80 (0.59–1.08) 7 (−4, 19) 1.08 (0.79–1.49) 46 (4, 103)
3 1.06 (0.83–1.35) 0.79 (0.59–1.04) 0.88 (0.65–1.19) 12 (0, 25) 0.94 (0.71–1.26) 20 (−4 50)
4 0.92 (0.72–1.18) 0.60 (0.45–0.80) 0.71 (0.53–0.94) 18 (5, 32) 0.82 (0.62–1.08) 36 (12, 65)
PFHpS — — — — — —
1 1.00 (reference) 1.00 (reference) 1.00 (reference) — 1.00 (reference) —
2 0.89 (0.71–1.11) 0.78 (0.57–1.07) 0.84 (0.62–1.15) 8 (−3, 20) 1.05 (0.77–1.44) 35 (−6, 94)
3 0.86 (0.68–1.09) 0.80 (0.59–1.09) 0.86 (0.63–1.19) 7 (−5, 21) 1.07 (0.78–1.49) 34 (5, 72)
4 1.04 (0.81–1.33) 0.67 (0.49–0.93) 0.79 (0.58–1.09) 18 (5, 32) 0.87 (0.63–1.20) 29 (5, 59)
PFOS — — — — — —
1 1.00 (reference) 1.00 (reference) 1.00 (reference) — 1.00 (reference) —
2 0.81 (0.64–1.03) 0.55 (0.41–0.76) 0.60 (0.58–0.63) 9 (−4, 23) 0.85 (0.62–1.16) 53 (9, 116)
3 0.90 (0.70–1.17) 0.69 (0.51–0.94) 0.73 (0.70–0.76) 6 (−5, 17) 0.92 (0.67–1.27) 34 (3, 74)
4 0.89 (0.69–1.15) 0.60 (0.44–0.82) 0.69 (0.66–0.73) 16 (1, 33) 0.84 (0.61–1.15) 40 (11, 76)
PFOA — — — — — —
1 1.00 (reference) 1.00 (reference) 1.00 (reference) — 1.00 (reference)
2 0.98 (0.76–1.27) 0.76 (0.56–1.03) 0.82 (0.79–0.86) 9 (−4, 23) 0.97 (0.72–1.32) 28 (−15, 93)
3 1.01 (0.79–1.30) 0.84 (0.61–1.14) 1.00 (0.96–1.05) 20 (6, 35) 0.88 (0.65–1.21) 6 (−23, 45)
4 0.92 (0.73–1.15) 0.63 (0.47–0.86) 0.79 (0.75–0.83) 24 (6, 46) 0.85 (0.62–1.16) 34 (5, 70)
PFNA — — — — — —
1 1.00 (reference) 1.00 (reference) 1.00 (reference) — 1.00 (reference) —
2 0.90 (0.72–1.13) 0.86 (0.64–1.17) 0.92 (0.88–0.96) 7 (6, 22) 1.08 (0.80–1.46) 25 (−9, 73)
3 1.12 (0.88–1.43) 0.87 (0.65–1.16) 0.99 (0.95–1.03) 14 (0, 29) 1.07 (0.80–1.45) 24 (3, 49)
4 0.93 (0.74–1.17) 0.86 (0.64–1.15) 0.97 (0.93–1.01) 13 (0, 28) 0.96 (0.71–1.29) 12 (−3, 29)
PFDA — — — — — —
1 1.00 (reference) 1.00 (reference) 1.00 (reference) — 1.00 (reference) —
2 1.13 (0.89–1.43) 0.92 (0.67–1.27) 0.99 (0.95–1.04) 8 (−6, 23) 0.92 (0.68–1.26) 0 (−24, 31)
3 1.02 (0.82–1.28) 0.87 (0.65–1.16) 1.02 (0.98–1.07) 18 (4, 33) 0.95 (0.71–1.28) 10 (−12, 36)
4 1.11 (0.89–1.39) 0.78 (0.58–1.03) 0.85 (0.82–0.89) 10 (−2, 23) 0.86 (0.65–1.15) 11 (−2, 26)

Note: —, no data; CI, 95% confidence interval; FR, fecundability ratio; PFAA, perfluoroalkyl acid; PFDA, perfluorodecanoic acid; PFHpS, perfluoroheptane sulfonate; PFHxS, per-
fluorohexane sulfonate; PFNA, perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctane sulfonate.
Model A: Adjusted for age, socioeconomic status, and prepregnancy body mass index.
Model B: Model A additionally adjusted for the interpregnancy interval.
Model C: Model A, using PFAA quartiles corrected to an interpregnancy interval of median length (2.6 y).
PFAA quartile cutpoints for Models A and B are provided in Tables 1 and 2 for nulliparous and parous women, respectively. Quartile cutpoints for Model C are shown in Table S2.
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0.40 for the association between the confounder and fecundabil-
ity for uncontrolled confounding to bias a true null association to
an FR of 0.70 for PFOS (approximately equal to the Model B FR
for the highest vs. lowest quartile). Whereas this may be consid-
ered an example of relatively strong confounding by a single fac-
tor, it may be feasible for multiple unmeasured or unknown
confounders to exert an impact of this magnitude. We consider
that unmeasured and unknown common causes of impaired
fecundability in consecutive pregnancies (U in Figure 2)

including, e.g., genetic causes or tubal dysfunction may impact
the measured associations between PFAA levels and impaired
fecundability, as illustrated in Figure 2, through open backdoor
paths, including several variables (see Figure 2, e.g., through
PFAA 1, Confounders 1, Impaired fecundity 1, U).

Consequently, if PFAAs are measured during pregnancy and
the proposed causal structure is true, confounding by PFAA lev-
els or confounders of the PFAA–TTP association for the previous
pregnancy may account for most of the estimated associations

Table 3. Confounder–outcome risk ratios required for uncontrolled confounding by a single dichotomous confounder to bias a true null association between
perfluorooctane sulfonate (PFOS) and time to pregnancy (TTP) among parous women to fecundability ratio ðFRÞ=0:70, according to the prevalence of the
confounder among women in the highest and lowest PFOS quartiles.

Prevalence in
highest quartile

Prevalence in lowest quartile

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.9 0.65 0.60 0.55 0.50 0.45 0.40 0.25 0.10 —
0.8 0.60 0.55 0.50 0.40 0.35 0.20 0.05 — —
0.7 0.50 0.45 0.40 0.30 0.15 — — — —
0.6 0.45 0.35 0.25 0.05 — — — — 11.01
0.5 0.30 0.15 — — — — — 6.01 3.30
0.4 0.10 — — — — 16.02 4.35 2.85 2.30
0.3 — — — — 7.01 3.50 2.60 2.15 1.90
0.2 — — 30.98 4.75 3.00 2.35 2.05 1.85 1.70
0.1 — 8.51 3.70 2.65 2.20 1.95 1.75 1.65 1.55

Note: —, no data.
Values shown in the body of the table are risk ratios for the confounder–outcome association required, given the corresponding prevalences among women in the highest and lowest
PFOS quartiles, for an FR=0:70 to have been entirely due to uncontrolled confounding by a single dichotomous confounder. For example, if the prevalence was 0.9 and 0.1 among
women in the highest and lowest PFOS quartiles, respectively, the risk ratio for the confounder–TTP association would have to be 0.65 in order to bias a true null association for the
highest vs. lowest PFOS quartile and fecundability from 1.0 to 0.70.

Figure 6. The association between the interpregnancy interval and perfluoroalkyl acid (PFAA) concentrations in the current pregnancy in 604 parous women
from the Danish National Birth Cohort, 1996–2002. PFAA concentrations were measured at a median of 8 wk of gestation. The interpregnancy interval was
modeled using restricted cubic splines (5 knots). The figures are restricted to women with an interpregnancy interval <6 y and 7 mo (90th percentile). The solid
lines illustrate the estimated regression coefficients, and the dashed lines indicate the upper and lower 95% confidence intervals (CIs).
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between PFAAs and the TTP in parous women. The lack of an
association in nulliparous women, which was robust to the use of
both identical and separate quartile cutpoints for nulliparous and
parous women, and the fact that the majority of previous studies
in nulliparous women have reported no association (Bach et al.
2015a; Vestergaard et al. 2012; Whitworth et al. 2016) (further
discussed below) suggests that there may not be a causal associa-
tion between maternal PFAA exposures and the TTP. However,
in a pregnancy-based design, exposure misclassification may
arguably also play a role in nulliparous women, and based on the
current results, it is not possible to completely exclude an effect
of PFAAs on the TTP.

Of note, the influence of potential biases may differ according
to the type of PFAA. For example, accounting for the interpreg-
nancy interval may be particularly important for PFOA, which
had the highest correlation with the interpregnancy interval in our
study population (Spearman’s rs =0:32, compared with 0.13 for
PFOS). Whitworth et al. (2012) also found the interpregnancy
interval to be a stronger predictor of PFOA than PFOS concentra-
tions. In our study, the association between PFOA and TTP also
showed the greatest attenuation when adjusted for the interpreg-
nancy interval.

In other studies of the association between PFAAs and TTP
in parous women or women of all parity, the majority of studies
found associations between in particular PFOS and PFOA and
longer TTP. However, only one study demonstrated such an asso-
ciation in nulliparous women (Fei et al. 2012). In the study by
Fei et al. (2012) from the Danish National Birth Cohort, the aver-
age PFAA concentrations were high compared to studies con-
ducted in other countries as well as during different time periods
in Denmark, but similar to those in the present study using a dif-
ferent sample of women from the cohort during the same time pe-
riod. Studies conducted in Denmark and Norway with a priori
restriction to nulliparous women found point estimates close to
the null for associations between PFAAs and the TTP (Bach et al.
2015a; Vestergaard et al. 2012; Whitworth et al. 2016). We argue
that previous estimates of associations between PFAAs and the
TTP based on populations that included parous women may have
been biased.

Dependent measurement error caused by previous childbirths
and the interpregnancy interval could theoretically be alleviated by
using a pregnancy planner design (with exposure assessed when
women first begin trying to conceive) or by conditioning on the
interpregnancy interval and parity in pregnancy-based cohorts
(with exposures measured during pregnancy). Moreover, it may
also be possible to correct exposure estimates for parous women
using toxicokinetic modeling or the simple two-step standardiza-
tion approach based on regression residuals used in the present
study. However, the latter approach needs further investigation,
including validation of the two-step standardization for exposures
modeled as categorical variables (Mortamais et al. 2012).

Like pregnancy-based studies, pregnancy planner studies that
include parous women may be biased by confounders or PFAA
concentrations related to the previous pregnancy, in addition to
confounding by common causes of current PFAA concentrations
and the TTP and previous births. If it is not possible to account for
all these issues, it may be preferable to restrict studies to nullipar-
ous women, since only the confounders of the index pregnancy
would need to be considered in order to achieve unbiased esti-
mates. However, excluding parous women will limit the generaliz-
ability and may complicate interpretation (Sallmén et al. 2015). In
contrast with pregnancy-based cohorts, pregnancy planner studies
do not exclude infertile women and pregnancies that do not result
in live births. However, these exclusions are not sufficient to
explain the lack of associations between preconception PFAAs

and the TTP in pregnancy planner studies (Buck Louis et al.
2013; Vestergaard et al. 2012). A few studies have investigated
associations between PFAAs and the risk of miscarriage. Darrow
et al. (2014) found an association between PFOS and miscarriage,
which was not corroborated by Jensen et al. (2015). However,
Jensen et al. found an association between PFNA and PFDA and
miscarriage. None of the studies found associations between PFOA
and the risk of miscarriage (Darrow et al. 2014; Jensen et al. 2015;
Savitz et al. 2012). An effect of PFAAs on the risk of miscarriage,
particularly among women with the highest exposures, might bias
associations between PFAAs and the TTP toward the null, espe-
cially if PFAAs aremeasured during pregnancy.

Conclusions
Previously reported associations between PFAAs and the TTP in
parouswomenmay be due to confounding by factors related to pre-
vious pregnancies and to exposure measurement error caused by
the decrease in PFAA concentrations during pregnancy and breast-
feeding and the subsequent increase in PFAAs resulting from accu-
mulation during the interpregnancy interval. Consequently, when
parous women are included in studies of associations between
PFAAs and the TTP, the analyses should be conditioned on: a)
common causes of PFAAconcentrations and the TTP in the current
pregnancy, b) previous births (a descendant of a collider), c) either
PFAA concentrations or common causes of PFAA concentrations
and the TTP in the previous pregnancy (to alleviate the collider
stratification bias introduced by conditioning on a descendant of a
collider), and for pregnancy-based birth cohorts studies, and d) the
interpregnancy interval. An alternative is to restrict studies to nulli-
parous women, but this may limit generalizability and may cause
other problems with interpretation. If relevant information is avail-
able, it may also be possible to correct exposure estimates of parous
women, e.g., by the use of toxicokinetic modeling. Potential
biases related to uncontrolled confounding and measurement
error when parous women are included in studies of the TTP
may also apply to studies of other chemicals with long biological
half-lives that are transferred to the fetus during pregnancy and
eliminated via breastmilk.
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